Introduction
[2] Water availability, including water quantity and quality, is a critical issue in many semiarid regions. Many studies have shown that long-term drying under natural ecosystems has resulted in the build up of a reservoir of chloride in soils by evapotranspirative enrichment of infiltrated rainfall and associated dryfall in semiarid regions in the southwestern United States and Australia, mostly over the past 10,000 to 30,000 years [Scanlon et al., 2007a] . Reservoirs of nitrate have also built up in many of the regions in the southwestern United States and in Africa from atmospheric deposition and from nitrogen fixation [Walvoord et al., 2003; Deans et al., 2005] . Land use change, specifically conversion from natural ecosystems to rain-fed (nonirrigated) agricultural ecosystems, has increased groundwater quantity through enhanced recharge. Documented changes in recharge include increases from $0 to a median of 24 mm/a in the U.S. Southern High Plains [Scanlon et al., 2007b] , from 0.1 mm/a to >50 mm/a in the Australian Murray Basin [Allison et al., 1990] , and from regional estimates of 2 mm/a to 25 mm/a in Niger, Africa [Favreau et al., 2009] . Increased recharge beneath rain-fed agriculture mobilizes chloride that previously had accumulated in the unsaturated zone, increasing chloride concentrations in underlying aquifers in these regions [Scanlon et al., 2007a] . Increased recharge also raises water tables toward the land surface where groundwater can directly evaporate and salinize soils, causing dryland salinity. The cost of increased water quantity from enhanced recharge can be degraded soil water and groundwater quality from salts [Scanlon et al., 2007a] .
[3] Many previous studies have examined chloride because it is conservative and serves as a tracer of water movement. The chloride cycle is relatively simple. Chloride from atmospheric deposition (including dryfall) moves into the soil with infiltrating precipitation. Evapotranspiration causes chloride to build up in the soil because chloride is not taken up by plants and is nonvolatile. Chloride is extremely soluble and is rarely found in the solid phase. Chloride moves conservatively in liquid water throughout the hydrologic cycle. Nitrate has also been examined extensively in the southwestern United States and in Africa because it is an essential plant nutrient and a widespread contaminant of water resources [Walvoord et al., 2003; Deans et al., 2005; Scanlon et al., 2008] . Sulfate, another major anion in atmospheric deposition, has been little studied even though it, like chloride, can have large-scale impacts on water quality. The sulfate cycle is more complex than the chloride cycle, because sulfate, like nitrate, has multiple sources and sinks, including biochemical reactions that alter valence states. High concentrations of sulfate can contribute to soil salinity and limit plant water uptake. Mobilization of sulfate to groundwater can negatively affect the quality of groundwater for human consumption and productivity of irrigated cropland.
[4] Fluoride is of great interest in semiarid regions, where high levels are common in groundwater. A micronutrient for mammals, fluoride has a narrow therapeutic range. In humans, values <$0.5 mg/L are associated with dental caries, whereas values !1.5-4 mg/L are associated with dental and skeletal fluorosis. The maximum contaminant level (MCL) established by the U.S. Environmental Protection Agency (EPA) is 4 mg/L. The corresponding maximum level set by the World Health Organization is 1.5 mg/L [World Health Organization, 2004] . A recent National Research Council panel recommended that the MCL for fluoride be lowered in the United States [National Research Council, 2006] . Water supplies (mostly groundwater) with concentrations of fluoride exceeding 1.5 mg/L affect $200 million people globally, including 70 million in India and 45 million in China [Edmunds and Smedley, 2005; Amini et al., 2008] . Although fluoride is not known to be a plant nutrient, it is taken up by plants and can become toxic at high concentrations. High fluoride concentrations in irrigation water (e.g., 40 mg/L) have been found to reduce crop yields [Muller et al., 1998 ]. Despite the importance of sulfate and fluoride to water quality, little is known about their sources, unsaturated zone inventories, or potential mobilization to underlying aquifers.
[5] Mobilization of salts can have large-scale impacts on groundwater quality. Anions are generally excluded from negatively charged mineral surfaces. While chloride is highly conservative and generally not subject to processes that retard its movement, sulfate and fluoride are potentially affected by chemical and biochemical reactions. In addition to mineral precipitation and dissolution, sulfate and fluoride are subject to reactions such as adsorption-desorption, ion exchange, and surface complexation, which are often collectively termed ''sorption'' because they are difficult to distinguish [e.g., Fluhler et al., 1982; Alloway, 2005] . The solubility of salts considered in this study varies greatly, with halite (NaCl) being most soluble (K sp % 10 1.6 ) [Lide, 1991] , followed by gypsum (CaSO 4 Á 2H 2 O; K sp % 10 À4.6 ). [Hem, 1985] and fluorite (CaF 2 ; K sp % 10 À10.58 ) [Hem, 1985] . Fluorite precipitation was found to control fluoride concentrations in Nigerian soils of northwest Africa [Barbiero et al., 1995] . Low fluorite solubility results in saturation at $3 mg F/L in the presence of 10 À3 mol Ca/L (40 mg Ca/L) [Hem, 1985] . Clifford [1999] determined the relative sorptivity of anions for activated alumina (pH 5.5-8.5), which serves as an analog for soils, to be OH À > H 2 AsO À 4 > F À > SO 2À 4 ) HCO À 3 > Cl À > NO À 3 > Br À
The high sorptivity of fluoride and sulfate relative to chloride can greatly reduce their mobilization through unsaturated media.
[6] Given the paucity of prior work on sulfate and fluoride and the complexities affecting their transport, a reconnaissance survey was indicated. The objectives of this study were thus to address the following questions: How much chloride, sulfate, and fluoride are stored in the unsaturated zone beneath natural ecosystems? What is the source of these anions (e.g., atmospheric, anthropogenic, lithogenic)? What is the relative mobility of the different anions (chloride, sulfate, and fluoride)? What impact does salt mobilization have on groundwater quality?
[7] These questions are addressed using data from soil cores from three different regions: (1) the Southern High Plains (SHP) of Texas, (2) the Amargosa Desert (AD) of Nevada, and (3) the Murray Basin (MB) of New South Wales and South Australia (Figure 1 ). Quantifying inventories of chloride, sulfate, and fluoride in unsaturated media is needed for predicting potential loading to underlying aquifers. If sulfate and fluoride are derived from atmospheric deposition, similar to chloride, then subsurface profiles of these salts should provide archives of long-term preindustrial atmospheric deposition. Anthropogenic activities add salt to the system through irrigation, fertilizer, and pesticide applications. The relative mobility of the different ions under increased recharge caused by land use change impacts the vulnerability of underlying aquifers to contamination.
Materials and Methods

Site Characteristics and History
[8] The Southern High Plains (75,000 km 2 ) region is located in Texas and New Mexico (Figure 1 ). General site characteristics and history are described by Scanlon et al. [2005 Scanlon et al. [ , 2007b . Mean annual precipitation ranges from 376 mm in the south (Midland, 1931 (Midland, -2005 to 501 mm in the north (Amarillo, 1947 (Amarillo, -2005 . Clay content in surface soils (upper 1.5 -2.0 m) ranges from 1 to 68% (mean 28%) on the basis of the SSURGO database [U.S. Department of Agriculture, 1995] . Mean clay content generally decreases from $36% in the northern 40% of the Southern High Plains to $23% in the south 60%. Native vegetation originally consisted of shortgrass prairie. Cultivation began in the late 1800s and early 1900s. Land use includes natural grasslands (33%) and shrublands (12%) used for grazing, rain-fed agriculture (42%) dominated by cotton production, irrigated agriculture (11%), and other (2%) ( Figure 1 ) (1992 National Land Cover Data) [Vogelmann et al., 2001] . The thickness of the unsaturated zone ranges from 0 to 134 m (median 37 m).
[9] The Amargosa Desert region ($3300 km 2 in area) is in the Mojave Desert, Nevada (Figure 1 ). Mean annual precipitation is 113 mm (1966 Amargosa Farms) . Aridic soils are developing on eolian-modified alluvial sands and gravels. Land cover includes mostly native vegetation (primarily creosote bush, Larrea tridentata, and saltbush, Atriplex contertifolia) and 3% irrigated agriculture (mostly alfalfa, various species). Irrigation applications range from 2.0 to 2.7 m/a at the sites studied. The thickness of the unsaturated zone is $35 m in the area under cultivation, and exceeds 150 m elsewhere in the basin [Kilroy, 1991] .
[10] The Murray Basin study region extends from the Big/Little Desert area to the Riverlands area, near the Murray River (Figure 1 ). Mean annual precipitation is $500 mm/a in the Big Desert, $370 mm/a in Kulkami, and $260 mm/a in the Riverlands area [Blackburn and McLeod, 1983] . Soil texture ranges from deep sandy soils in dunes to more clayey soils in interdune areas in the Big and Little Deserts [Leaney et al., 2003] . The Riverlands area consists of predominantly sandy loams with clays restricted to the floodplains of the Murray River [Cook et al., 2004] . Native vegetation includes eucalyptus mallee vegetation that was replaced by crops and pasture in many regions from the early 1900s. The unsaturated zone thickness ranges from 0 to 70 m.
Chemical Measurements
[11] Detailed descriptions of methods for sample collection can be found in work by Walker et al. [1991] , Stonestrom et al. [2003] , Cook et al. [2004] , and Scanlon et al. [2005 Scanlon et al. [ , 2007b . Boreholes in all regions were drilled without drilling fluid (Table 1) . Soil cores from the Southern High Plains (2 natural, 15 rain-fed agriculture), the Amar- Table 1 for unabbreviated borehole designations). The red line within the Texas portion of the Southern High Plains delimits the northern high-quality and the southern low-quality groundwater regions. The Murray Basin Riverlands sites are located in the northeast mallee area (boreholes 2LC, 5HC, and 6HC) and in the Kulkami site (Kul04). Generalized U.S. land cover is based on National Land Cover Data, 1992 [Vogelmann et al., 2001] . Land use categories represent classification combinations: grassland (grassland/herbaceous), forest (deciduous, evergreen, and mixed forest), and crops (pasture/hay, row crops, small grains, and fallow). Generalized Australia land cover is based on Australian Collaborative Land Use Mapping Program data from the Australian Government Bureau of Rural Sciences (http:// adl.brs.gov.au) using similar classification combinations.
gosa Desert (1 natural, 6 irrigated agriculture), and the Murray Basin (1 natural, 3 rain-fed agriculture) were analyzed in the laboratory for water-extractable concentrations of chloride, bromide, sulfate, and fluoride generally following procedures described by Rhoades [1982] . Double deionized water was added to the soils in a $1:1 or 2:1 weight ratio, and samples were either shaken periodically for 24 h (Amargosa Desert sites) or shaken continuously in a reciprocal shaker for 4 h (Southern High Plains and Murray Basin sites). The samples were then centrifuged at 7000 rpm for 20 min and the supernatant was filtered to 0.2 mm. Soil samples from the Amargosa Desert region were previously analyzed for chloride and sulfate ; water extracts from the previous study were stored in poly sealed glass bottles at 20°C and were reanalyzed for chloride and sulfate and were also analyzed for bromide and fluoride. The chloride and sulfate data from the two sets of analyses are highly correlated (r 2 = 0.99 for both). The average absolute difference between analyses for chloride across 3.5 orders of magnitude is 5% and for sulfate across almost 3 orders of magnitude is 3% (auxiliary material, Figure S1 ). 1 In the Murray Basin, soil samples from a natural site at Kulkami (Kul04) were previously analyzed for chloride and sulfate [Walker et al., 1991] . Soil samples from the Riverlands area were previously analyzed for chloride (5:1 dilution, reciprocal shaker for 3 h) [Cook et al., 2004] and were reextracted and analyzed for chloride, bromide, sulfate, and fluoride in this study. Chloride concentrations from the two sets of analyses are highly correlated (r 2 = 0.95) and the average absolute difference between analyses is 14% (auxiliary material, Figure S2 ).
[12] Water-extractable concentrations of ions were measured in this study to evaluate potential mobilization resulting from increased water flux following land use change. Concentrations of ions in supernatant liquid were determined by ion chromatography (Dionex ICS 2000) . Samples were oven dried at 105°C for 24 h to determine soil water content. Water-extractable ion concentrations are expressed on a mass basis as mg of ion per kg of dry soil (supernatant concentration times extraction ratio (g water/g soil) and divided by water density). Ion concentrations are also expressed as mg ion per L of pore water (mg/kg divided by gravimetric water content and multiplied by water density). Because of potential water loss during sample collection and processing, ionic concentrations on a mass basis (mg ion/kg dry soil) are considered more robust than ionic concentrations on a pore water volume basis (mg ion/ L soil water). Salt inventories (kg/ha) were calculated by multiplying depth-weighted salt concentrations (mg/kg) by interval thickness (m), soil bulk density (kg/m 3 ), and unit conversion factor 10 4 (m 2 /ha). Correlation coefficient (r) values were calculated on the basis of log-transformed mg/kg or kg/ha values.
[13] Mineral equilibrium controls on chloride, fluoride, and sulfur compounds were evaluated using the chemical equilibrium model PHREEQC (auxiliary material). Extraction water represents pore water, diluted, and possibly altered by induced desorption and mineral dissolution (auxiliary material, Tables S1-S5). To evaluate reproduc-ibility of the entire extraction and analysis procedure, soil samples from the natural profiles in the Southern High Plains were reextracted and analyzed. Average absolute differences between analyses were 6% for chloride, 9% for sulfate, and 6% for fluoride (auxiliary material, Figure S3 ).
[14] Chloride and sulfate concentrations in precipitation (wet fallout) for the southwestern U.S. regions were obtained from the National Atmospheric Deposition Program (NADP) (http://nadp.sws.uiuc.edu/). In addition, precipitation samples collected in 2001 and 2002 from three NADP stations in or near the Southern High Plains were analyzed for chloride, sulfate, and fluoride in this study (auxiliary material, Tables S6a -S6c). Bulk precipitation samples (wet and dry fallout) collected at the Amargosa Desert from 1998 to 2001 were previously analyzed for chloride and sulfate and were analyzed for chloride, sulfate, and fluoride in this study ( Table 2 and Table S7 ). Bulk precipitation samples at Loxton (Riverlands site) and Wanbi (Kulkami site) in the Murray Basin for 1 year from 1974 to 1975 were previously analyzed for chloride and sulfate [Blackburn and McLeod, 1983] (Figure 1 and Table 2 ). Bulk precipitation samples were also collected at a number of sites in Australia for 1 year from 2007 to 2008 and were analyzed for chloride, sulfate, and fluoride for this study. The Mildura site is closest to the Murray Basin region (Tables 2 and S8 ). In addition to salt inputs from precipitation, fertilizers and irrigation water provide additional inputs to cropland that were previously evaluated for the Amargosa Desert region .
[15] Sulfur isotopes were measured at the University of Ottawa on water extracts of selected samples from two profiles in the Southern High Plains to evaluate likely sulfate sources. Barium sulfate (precipitated from salt solutions by adding BaCl 2 ) was mixed with a tungsten oxide catalyst and flash combusted at 1800°C in a Costech Elemental Analyzer, producing cleaned SO 2 gas in a helium stream that flowed directly into a DeltaPlusXP Isotope Ratio Mass Spectrometer (ThermoFinnigan, Germany) [Grassineau et al., 2001] . The data are reported relative to Canon Diablo Troilite with analytical precision of $±0.2%. Oxygen isotopes in sulfate were also measured at the University of Calgary and are reported relative to IAEA standards (NBS 127, IAEA SO5, and IAEA SO6).
Chloride Accumulation Times and Estimated Water Fluxes
[16] The time (t, years) required to accumulate chloride in profiles beneath native vegetation was estimated by dividing the cumulative mass of chloride in the profile by chloride input from bulk precipitation (P):
where Cl uz and Cl p are chloride concentrations in unsaturated zone pore water (mg/kg) and in bulk precipitation (wet and dry fallout, mg/L), respectively, r b is soil dry bulk density (kg/m 3 ), dz is depth interval, and P is precipitation (mm/a). This chloride accumulation time is used to estimate atmospheric deposition rates of sulfate and fluoride from subsurface salt inventories. [17] Previous studies have estimated drainage rates below the root zone or recharge to groundwater using either the chloride front displacement (CFD) method [Walker et al., 1991] or the chloride mass balance (CMB) method [Allison and Hughes, 1983] . Correspondence between drainage/ recharge rates from these two methods indicates piston-type flow and complete displacement of chloride through the unsaturated zone. Drainage (D) or recharge (R) rates based on the CFD method are estimated by multiplying the apparent displacement velocity of the chloride front (equivalent to the top of the chloride bulge) (v cf ) by the average volumetric water content in the flushed (wetted, w) zone ( q w ) [Walker et al., 1991] :
where the depth of the chloride front under native vegetation is z 1 and under cropland is z 2 and the time interval (t 2 À t 1 ) represents the time since cultivation began.
[18] According to the CMB method, chloride input (precipitation, P, multiplied by chloride concentration in bulk precipitation, Cl p ) equals chloride output (drainage or recharge rate, D or R, multiplied by chloride concentration in unsaturated zone pore water, Cl uz ):
If chloride is added to the system in irrigation water or fertilizer, the extra water and solute are accounted for as additional terms in the numerator of equation (3) [ Stonestrom et al., 2003 ].
Estimating Potential Impact of Salt Mobilization on Groundwater Quality
[19] Movement of salt inventories into the underlying aquifer should degrade groundwater quality; however, the effect should be transient as the salt moves through the system. Maximum impacts of flushing salts on groundwater quality (e.g., Cl gw ) can be evaluated by moving the entire inventory of salt (e.g., Cl inv ) from the unsaturated zone into a specified saturated thickness of aquifer (the mixing zone, z mix ) with porosity n:
If a chloride inventory of 1000 kg/ha is transferred into a 15 m thick aquifer mixing zone with a porosity of 0.3 m 3 /m 3 , the resultant groundwater chloride concentration would be 22 mg/L. This approach provides an upper bound on the increase in groundwater salt concentration because only the salt, and not the associated water, is moved into the aquifer (equation (4)).
[20] An analytical approach was developed by Cook et al. [1993] to estimate the time lag and groundwater concentrations from mobilizing salts and water into a prespecified mixing zone in an aquifer [Leaney et al., 2003] . The unsaturated zone salt profiles in this model are represented by a step increase in concentration with low concentrations near the land surface representing the flushed zone underlain by high concentrations representing precultivation solutes, typical of profiles in the Murray Basin. The analysis was modified to account for bulge-shaped profiles typical of the southwestern United States by including low concentrations at the base of the profile and specifying the thickness and concentrations associated with the bulge. Details of the modified analysis are given in the auxiliary material.
Results and Discussion
[21] The results from all profiles can be found in Table 1 and in Figures S4-S7 in the auxiliary material.
Unsaturated Zone Salt Reservoirs Beneath Natural Ecosystems
[22] Profiles beneath natural ecosystems have large, but variable, chloride and sulfate inventories and generally much lower fluoride inventories ( Figure 2 and Table 1 ). Total chloride inventories range from 6600 to 41,000 kg/ha. In the Murray Basin region, the chloride inventory in the Kulkami profile (KUL04: 31,000 kg/ha) is generally at the low end of the range of inventories in other profiles in the Kulkami area (7 profiles: 57,000 -140,000 kg/ha ). These other profiles are not detailed in this paper because sulfate was not measured and samples were not available for reextraction. The low chloride inventory in the Amargosa Desert region (AD1a: 6600 kg/ha) reflects a shorter accumulation time of $12,000 years relative to accumulation times of 17,000 and 29,000 years in the Southern High Plains profiles (Table 3) . Chloride inventories are normalized by profile depth to account for variations in profile depth. Normalized chloride inventories are highest in the Murray Basin region (Kul04, 4500 kg/ha/m) and lowest in the Amargosa Desert region (460 kg/ha/m) (auxiliary material, Figure S8 ).
[23] Vertical chloride profiles are also variable among regions. Profiles in the southwestern United States are generally bulge shaped, typified by profile AD1a in the Amargosa Desert, with a peak concentration of 2900 mg/L near the base of the root zone (1.6 m depth, Figure 3d ). One of the Southern High Plains profiles (Lyn06-01) is double peaked (2300 mg/L, 4.3 m; 1800, 15.3 m, Figure 3a ), whereas the other profile (Daw06-01) may not have extended deep enough to show the base of the bulge (8.3 m) ( Figure 4a ). Chloride profiles in the Murray Basin differ from those in the southwestern United States in that concentrations generally increase to a maximum and remain high with depth [Jolly et al., 1989; Walker et al., 1991] . The Kul04 profile in this study shows only increasing concentrations throughout the profile (peak 13,000 mg/L) and may not have extended deep enough for concentrations to plateau (Figure 3g ). In contrast, many of the other natural profiles in the Kulkami area have peak concentrations of 11,000 -16,000 mg/L at depths of 3.3 -10.3 m, below which concentrations remained high to the base of the profiles ( Figure 5 ). The different shapes of the chloride profiles are attributed to variable water fluxes resulting from distinct paleoclimate histories; in the southwestern United States, downward water flux occurred during late Pleistocene pluvials or earlier ($10,000 -30,000 years ago) followed by upward water flux during most of the Holocene [Scanlon et al., 2003] , whereas in the Murray Basin, low downward water fluxes and semiarid conditions prevailed for up to $30,000 years [Cook et al., 2004] .
[24] Total sulfate inventories range from 7800 to 120,000 kg/ha and are correlated with chloride inventories (r = 0.85, Figure 2a ). Sulfate inventories are generally similar to chloride inventories on a molar basis, with sulfate/chloride ratios of 0.8 to 1.1, with the exception of the Murray Basin profile (Kul04), where the sulfate inventory is one tenth the chloride inventory. Sulfate inventories normalized by profile depth range from 1000 to 9300 kg/ha/m; lowest in Murray Basin and highest in the Southern High Plains (auxiliary material, Figure S4 ). The shapes of sulfate profiles (Figures 3b, 3e , and 3h) are generally similar to those of chloride profiles (Figures 3a, 3d, and 3g ). Peak sulfate concentrations range from 1000 to 6600 mg/L at depths of 4.5 to 8.0 m.
[25] Total fluoride inventories range from 630 to 3900 kg/ ha and are not correlated with chloride inventories (Figure 2b and Table 1 ). Fluoride inventories are much lower than chloride inventories on a molar basis, with fluoride/chloride ratios of 0.1 to 0.2. Fluoride inventories normalized by profile depths range from 44 to 130 kg/ha/m (auxiliary material, Figure S4 ). Fluoride profiles are generally bulge shaped with a narrow range in peak concentrations from 196 to 205 mg/L at depths of 1.1 to 3.7 m (Figures 3c and 3f ). Fluoride bulges tend to be more spread out than chloride or sulfate bulges (Figure 3) .
Sources of Salts 3.2.1. Chloride Sources and Accumulation Times
[26] Previous studies have shown that chloride accumulations in unsaturated zones of semiarid regions result from evapotranspirative concentration of chloride from bulk precipitation (precipitation and dry fallout) [Phillips, 1994; Cook et al., 2001] . Ratios of chloride to bromide in the high chloride zones of profiles beneath natural ecosystems range from 120 to 260 in the Southern High Plains, 90 to 300 in the Amargosa Desert, and 190 to 280 in the Murray Basin, and are generally consistent with an atmospheric deposition source [Davis et al., 1998 ].
[27] In the Southern High Plains region, the time required to accumulate chloride beneath natural ecosystems is 17,000 and 29,000 years (equation (1) and Table 3 ). The doublepeaked chloride profile in Lyn06-01 ( Figure 3a) includes a shallow bulge representing $10,000 years of accumulation to 10.7 m depth, which generally corresponds to the transition from Pleistocene to Holocene conditions in semiarid regions throughout the southwestern United States [Phillips, 1994; Scanlon et al., 2003] . The deeper peak indicates that late Pleistocene climatic conditions were insufficiently wet to flush preexisting chloride from the unsaturated zone.
[28] In the Amargosa Desert region, the accumulation time for the AD1a chloride profile under the natural ecosystem (Figure 3d ) is $12,000 years, generally coincident with the Pleistocene-Holocene transition . Irrigation applications (2.0 -2.7 m/a) are the primary chloride source in profiles beneath irrigated fields (132 -186 kg/ha/a) relative to much smaller input from precipitation (0.55 kg/ha/a) ( Table 2) . Liquid fertilizer applied to field 2 in 1991 corresponds to coincident peaks in chloride, sulfate, and nitrate at the base of the AD2a profile ( Figure 6 ) Scanlon et al., 2005] .
[29] In the Murray Basin region, extremely high chloride concentrations in profiles beneath natural ecosystems are attributed to high chloride concentrations in bulk precipitation, which are about an order of magnitude higher than in the southwestern United States (Table 2) [Simpson and Herczeg, 1994] . Approximately half of the chloride in atmospheric deposition in the Murray Basin is attributed to resuspended continental dust [Simpson and Herczeg, 1994] . The time required to accumulate chloride in the Kul04 profile is $2000 years on the basis of precipitation and chloride in precipitation (Tables 2 and 3) ; however, this profile does not extend deep enough to sample the full extent of the chloride accumulation (Figure 3g ). In contrast, the chloride accumulation time in the 2LC profile is 28,000 years on the basis of precipitation and chloride in precipitation in Riverlands (Tables 2 and 3 ). Previous studies suggest that semiarid conditions have persisted over the last 30,000 years in Murray Basin . Chloride concentrations in bulk precipitation from 1974 to (Table 2) .
Sulfate Sources
[30] Sulfate can be derived from atmospheric deposition sources (wet and dry fallout), anthropogenic sources (industrial fallout, fertilizer, or irrigation water), and sedimentary lithogenic sources (gypsum, anhydrite, pyrite). Naturally occurring atmospheric sulfate is derived from marine sources (from sea spray and oxidation of biogenic sulfur-containing volatiles, particularly dimethyl sulfide), volcanic sources (from post emission oxidation of SO 2 and H 2 S), and terrestrial aquatic sources (from oxidation of H 2 S emitted by anaerobic wetlands) [Chivas et al., 1991] .
[31] Total inventories of sulfate and chloride are highly correlated (r = 0.85) in profiles beneath natural ecosystems (Figure 2a ). Inventories of sulfate can be used with chloride accumulation times to estimate long-term sulfate deposition rates, assuming all sulfate is derived from atmospheric deposition and that there are no sinks for sulfate.
[32] In the Southern High Plains, very high sulfate concentrations toward the base of one of the natural profiles (Daw06-01; peak 47,300 mg/L; 7.7 m depth, Figure 4 ) is attributed to dissolution of gypsum, which was visually identified in the sediments at this depth. High correlations (r = 0.93, 0.85) between sulfate and chloride concentrations in the shallower reaches of this profile (Daw06-01, <5.9 m depth) and throughout the Lyn06-01 natural profile, respectively, suggest that sulfate was mostly derived from atmospheric deposition. Estimated sulfate in precipitation from the sulfate inventory is 1.58 mg/L for Daw06-01 and 0.83 mg/L for Lyn06-01 (Table 3) . These estimated con- centrations in precipitation overlap the current sulfate wet deposition rates from the NADP Muleshoe Station (0.78 to 1.67 mg/L, Tables 2 and 3 ). Sulfate data from Greenland ice cores indicate that recent wet deposition increased by a factor of two and dry deposition by a factor of five compared with preindustrial rates in northerly latitudes [Fischer et al., 1998 ]. The salt bulges in the Southern High Plains, and other arid sites are mostly preindustrial sulfate, providing a window into long-term atmospheric sulfate deposition rates in semiarid temperate latitudes.
[33] Sulfur and oxygen isotopes can be used to help evaluate sulfate sources and transformations [Krouse and Mayer, 2000] . For example, sulfate derived from deep brines and Paleozoic evaporite-rich confining units underlying the Southern High Plains are isotopically much heavier than sulfate derived from atmospheric deposition [Nativ and Smith, 1987; Wood and Jones, 1990 ]. Values of sulfate d 34 S and d 18 O measured in the Daw06-01 and Gai05-02 profiles ranged from 9.7 to 11.3% and from 4.6 to 7.5%, respectively, fairly close to sulfate in geographically relevant (and relatively pristine) atmospheric deposition ( Figure 7 and Table S9 ). The isotopic compositions of sulfate in the gypsum-containing sediments at depth are similar to those elsewhere in the profile, suggesting a common, originally atmospheric source.
[34] In the Amargosa Desert, the natural profile (AD1a) is characterized by high correlation between sulfate and chloride (r = 0.88). The sulfate inventory results in estimated sulfate concentrations in precipitation of 1.0 mg/L, which is at the low end of the range of measured sulfate concentrations in bulk precipitation (wet and dry fallout; 1.02 -2.25 mg/L), suggesting that here too atmospheric deposition was the dominant source (Tables 2 and 3) .
[35] In the Murray Basin, previous studies attributed groundwater sulfate to atmospheric deposition and mineralization of organic sulfur in the soil on the basis of higher sulfate/chloride ratios relative to seawater (>0.14) and S and O isotopes of sulfate . The unsaturated zone profiles that represent the natural system in this study show high correlations between sulfate and chloride (Kul04: r = 0.91, 2LC: r = 0.92). The much higher sulfate inventory in the 2LC profile (170,000 kg/ha) relative to the Kul04 profile (7800 kg/ha) is attributed to longer accumulation time (28,000 years) in clayey soils in the 2LC profile relative to the accumulation time (2000 years) in the sandier Kul04 profile (Tables 1 and 3) . The estimated annual sulfate concentrations in precipitation are 1.05 and 2.36 mg/L on the basis of sulfate inventories and chloride accumulation times (Table 3) . These concentrations are similar to measurements of wet and dry deposition (sulfate: 1.20 and 1.71 mg/L) (Table 3 ). Table S9 ). Superscripts refer to the following work: 1, this study; 2, Wood and Jones [1990] ; 3, Nativ [1988] ; 4, Krouse and Mayer [2000] ; 5, Grey and Jensen [1972] ; 6, Gat and Gonfiantini [1981]; 7, Holt et al. [1982]; 8, Novak et al. [2007] ; 9, Mast et al. [2001] ; 10, M. A. Mast, unpublished data, 1993 -1999 . Colorado Rockies, rain plus snow, 1993 -1999 [36] Beneath cropland in all study regions, sulfate concentrations are generally higher than those estimated from current atmospheric deposition in the chloride flushed section of the profiles. These higher sulfate concentrations could reflect incomplete flushing of precultivation sulfate and/or input of sulfate from irrigation water and/or fertilizers. In the Southern High Plains, the dominant fertilizer is urea-ammonium nitrate [Bronson et al., 2006] . Because sulfate generally is not added to soils in this region, high residual sulfate concentrations in the chloride flushed sections of these profiles (mean 12-48 mg/kg for 15 profiles) are attributed to incomplete flushing of precultivation sulfate (Table 1) .
[37] Irrigated cropland in the Amargosa Desert region is characterized by preirrigation sulfate near the base of profiles in field 1 (Figure 3n ). High residual sulfate in the chloride flushed section of this field is attributed to incomplete flushing of preirrigation sulfate in finer textured soils, as shown by high correlation (r = 0.81, ! 1 m depth) between sulfate and water content in profile AD1b (Figure 8) . Preirrigation sulfate and chloride reservoirs have been displaced from profiles in irrigated fields 2 and 3. Sulfate and chloride concentrations in profiles in field 2 are highly correlated (r = 0.85 and 0.97). The high concentrations correspond to nitrate peaks at depth that are attributed to application of concentrated fertilizer when the field was returned to production in 1992 . Peaks in chloride and sulfate occur at the same depths along with nitrate peaks (Figure 6 ). In field 3, high sulfate (up to 980 and 10,200 mg/L, AD3a, AD3b) in the shallow subsurface ( 2.5 m) is related to gypsum addition at rates of 300 -500 kg/ha/a (auxiliary material, Figure S7 ). The profile near the center of field 3 (AD3b) had uniformly low solutes at greater depths, indicating complete flushing to at least 16 m. In contrast, the profile near the edge of field 3 (AD3a) had coincident deep peaks of chloride, sulfate, and nitrate at a depth of $11 m, just above a cemented layer, suggesting lateral flow along this low-permeability layer .
Fluoride Sources
[38] Potential sources for fluoride include atmospheric deposition, mineral weathering, pesticides, and impurities in fertilizers (particularly phosphate fertilizers). Fluoride in atmospheric deposition is derived from sea spray, terrestrial dust, and volcanic sources. Fluorite (CaF 2 ) and apatite [Ca 5 (PO 4 ) 3 (OH, F, Cl)] are common accessory minerals in the source rocks of sediments. In the Southern High Plains region, the two natural fluoride profiles are generally bulge shaped, with peak concentrations in a narrow range from 16.1 to 18.3 mg/kg (3.1 to 3.7 m depth). Fluoride concentrations in precipitation from the Muleshoe NADP station in the Southern High Plains range from 3.5 to 4.2 mg/L on the basis of samples from 2001 and 2002 (auxiliary material, Table S6a ). If the fluoride beneath natural ecosystems in the Southern High Plains was derived entirely from atmospheric deposition, the calculated fluoride concentrations in bulk precipitation would range from 13.2 to 26.2 mg/L (Table 3) . Current measured fluoride concentrations in precipitation are about a factor of 3 to 7 times less than that required to account for the measured fluoride inventory during the most recent cycle of chloride accumulation.
[39] Similarly, in the Amargosa Desert region, the measured range of fluoride concentration in bulk precipitation (5.80 -20.7 mg/L, Table 2 ) is much less than the fluoride concentration estimated from the fluoride inventory in the profile (46.5 mg/L, Table 3 ). These results suggest that atmospheric deposition is insufficient to account for the measured subsurface fluoride accumulation during the time represented by chloride accumulation. PHREEQC results indicate that extracts were supersaturated with respect to sesquioxides, phyllosilicates, and fluorite (auxiliary material, Tables S2 -S5 ). This suggests atmospherically derived fluoride accumulates in the profile as secondary fluorite and by exchanging with surface-exposed hydroxyl units (e.g., on phyllosilicates) during chloride accumulation. The imbalance between atmospheric deposition and inventory further suggests that incoming fluoride from past climatic cycles has remained in the profile during pluvial periods.
[40] In the Murray Basin, there is no information on fluoride concentrations in the Kulkami natural profile. The cropland profile (2LC) provides a surrogate, although for a more finely textured soil. The estimated fluoride concentration in precipitation at this site is 3.7 mg/L (Table 3) . Fluoride concentrations in bulk precipitation at the Mildura station are much higher (2007 -2008: 17 mg/L) ( Table 2) . This limited comparison indicates that there is sufficient fluoride in atmospheric deposition to account for fluoride in the subsurface at this site.
Mobilization of Salts 3.3.1. Chloride Mobilization
[41] Chloride is the most mobile of the ions evaluated in this study (auxiliary material). Chloride concentrations in each of the regions are much lower than the solubility limit of halite (NaCl); therefore, there is no halite solid phase to consider.
[42] In the Southern High Plains, under rain-fed agriculture, chloride is flushed throughout the entire profile depth in 6 profiles (4.0 -9.2 m deep) and partially flushed in the remaining 9 profiles (4.5 -11.4 m deep), with sharp chloride fronts at the base of these profiles (Table 1 and Figures 3j  and S5 ). Average chloride concentrations in the flushed portion of profiles are extremely low (3.5 to 41 mg/L). In the partially flushed profiles, correspondence between chloride mass balance (CMB) ages at the base of the flushed zone (43 to 82 years) and timing of land use change, as determined from air photos and landowner accounts [Scanlon et al., 2007b] , shows that preexisting chloride bulges were displaced completely from this zone, indicating piston-type displacement. Water fluxes estimated using the CMB approach for the flushed zones range from 5 to 92 mm/a beneath rain-fed crops (median 24 mm/a, 5% of mean annual precipitation) [Scanlon et al., 2007b] .
[43] In the Amargosa Desert, subroot zone chloride concentrations beneath irrigated agriculture are generally low throughout the $6 to >16 m flushed zone (mean 24 to 110 mg/L, Table 1 ). Water fluxes estimated by chloride front displacement (CFD) are generally similar to those estimated by chloride mass balance (field 1, CFD: 190 -300 mm/a versus CMB: 100 -230 mm/a; field 2 CFD: 130 -170 mm/a versus CMB: 230 -530 mm/a), suggesting predominantly piston-type displacement of preexisting chloride from the flushed zone .
[44] In the Murray Basin, chloride is not mobilized beneath rain-fed agriculture in low-permeability soils (profile 2LC, Table 1 and Figure 9) , indicating low water fluxes beneath the root zone. In profile 2LC, chloride increases to a peak of 16,600 mg/L at 4.3 m depth and remains high throughout the profile to 17 m depth, typical of profiles under natural ecosystems [Jolly et al., 1989; Leaney et al., 2003] . In contrast, profiles in higher-permeability sandy soils have lower chloride concentrations to depths of 3.8 to 7.8 m, with maximum concentrations in the flushed zone of 370 to 2100 mg/L (40 to 140 mg/kg) (e.g., Figure 3p ). The higher residual chloride concentrations in these profiles relative to profiles in the southwestern United States cannot be directly attributed to higher current chloride inputs from atmospheric deposition or fertilization. The extremely high chloride concentrations beneath natural ecosystems (e.g., Kul04, Figure 3g ) may require multiple pore volumes to flush the chloride to levels that are found in the flushed zones of the Southern High Plains and Amargosa Desert. The high residual chloride concentrations (Table 1 ) may indicate some degree of preferential flow, where the initial wetting front bypasses parts of the soil matrix.
Sulfate Mobilization
[45] Mobilization of sulfate under cultivation-induced drainage/recharge is more highly variable than that of chloride. Reduced mobilization of sulfate relative to chloride may be related to plant uptake, gypsum or anhydrite precipitation and dissolution, or sorption. Cycling of sulfur through organic matter can delay and diminish downward sulfate movement. The lower solubility of gypsum (K sp % 10 À4.6 ) [Hem, 1985] relative to halite (K sp % 10 1.6 ) [Lide, 1991] can result in reduced mobilization of sulfate relative to chloride; however, simulated pore waters tended to be undersaturated with respect to gypsum and anhydrite (auxiliary material, Tables S4 and S5 ). Sulfate sorbs more strongly than chloride to mineral surfaces [Clifford, 1999] . Sulfate sorption can occur onto hydrous Al and Fe oxide surfaces by electrostatic attraction or by replacement of OH À ions [Van Stempvoort et al., 1990] . Sorption of sulfate to hydrous Fe oxides is greatest under acidic conditions but extends into slightly alkaline conditions [Dzombak and Morel, 1990] .
[46] In the Southern High Plains, although preexisting chloride is completely displaced from the chloride flushed zone, sulfate is incompletely displaced from these zones. Flushed zones of sulfate were identified by comparing cropland profiles with profiles beneath natural ecosystems and, in some profiles, on the basis of relative increases in sulfate at depth. Three of the nine profiles have coincident chloride and sulfate fronts, whereas sulfate fronts lag chloride fronts in the other five profiles by up to 4 m (e.g., Figures 3j and 3k and Table 1 ). The sulfate front is slightly deeper than the chloride front in one profile. Mean residual sulfate concentrations in the flushed section of the profiles range from 79 to 410 mg/L.
[47] In the Amargosa Desert, high sulfate concentrations toward the base of profiles in field 1 reflect preirrigation sulfate (Figure 3n ) that was mobilized with chloride ( Figure 3m ). Profile AD1b shows sulfate increasing at 6.2 m to a peak at 8.0 m, similar to chloride. Concentrations of chloride and sulfate are much lower in the AD1c profile (auxiliary material, Figure S7 ) in the same field, where the sulfate peak lags the deep chloride peak by 1.6 m. Residual sulfate concentrations in the chloride flushed zone of both profiles are much higher than residual chloride concentrations (on both relative and absolute bases), with sulfate peaks of 2000 -2100 mg/L at 3.6 -4.7 m depth (AD1b, Figure 3n ) and 310 -550 mg/L at 5.0 -9.2 m depth (AD1c). The large spikes in residual sulfate may be controlled by fine-grained soil layers, as suggested by the high correlation (r = 0.81, !1 m depth) between sulfate and water content in profile AD1b (Figure 8 ). Redox conditions in these clayey layers may also impact sulfate mobilization. In the older irrigated fields (fields 2 and 3, Figure 1 ) preirrigation chloride and sulfate bulges have been more or less completely displaced from the profiles. Spikes in sulfate and chloride in profiles in field 2 are coincident and are attributed to variations in irrigation that, prior to 1992, was applied by manually moved wheel line sprinklers.
[48] In the Murray Basin, concentrations of sulfate and chloride are highly correlated in cropland profiles (5HC: r = 0.96; 6HC: r = 0.90). Peaks of chloride and sulfate coincide at depths of 5.8 and 8.8 m in profile 5HC (auxiliary material, Figure S6 ). However, the sulfate peak in profile 6HC lags the chloride peak by $3 m (Figures 3p and 3q ). Residual sulfate concentrations (mean 160 and 640 mg/L) are similar to residual chloride concentrations (mean 150 and 1200 mg/L, Table 1 ).
Fluoride Mobilization
[49] Fluoride was little mobilized by increased drainage/ recharge under cropland over the multiple decades since land use changed. Fluoride inventories beneath natural ecosystems and croplands are similar in each region (Figure 2b ). In the Southern High Plains, the partly and completely flushed chloride profiles also have similar total fluoride inventories ( Figure 2b and Table 1 ). In the Amargosa Desert, irrigated profiles have fluoride inventories similar to those beneath the natural ecosystem. In the Murray Basin, although fluoride was not measured in the profile beneath the natural ecosystem in the Kulkami region, the low-permeability cropland profile in the Riverlands site (2LC) has generally chloride patterns similar to those beneath natural ecosystems. The fluoride inventory in profile 2LC is similar to inventories beneath rain-fed agriculture (Figure 2b ). Peak fluoride concentrations and peak depths beneath cropland are similar to those beneath natural ecosystems, consistent with little mobilization of fluoride (Figure 3) .
Potential Impact of Unsaturated Zone Salt Reservoirs on Future Groundwater Quality
[50] Groundwater does not appear to be vulnerable to contamination by fluoride from flushing of surface or near surface sediments in the studied regions at least on decadal time scales, as shown by the comparison of unsaturated zone profiles under natural and cropland conditions (Figure 3 ). Because fluoride is largely immobilized beneath the root zone, perhaps even accumulating across glacial/ interglacial climatic cycles, the potential for groundwater contamination by fluoride following land use change appears to be small. The general lack of fluoride mobility is particularly important because fluoride is applied to cultivated fields through impurities in phosphate fertilizers. Fluhler et al. [1982] similarly concluded that point sources of fluoride, such as smelters, did not pose an imminent threat to underlying aquifers. In contrast, groundwater is vulnerable to contamination from chloride and sulfate that are flushed from near surface sediments by land use changes. The impact of mobilizing chloride and sulfate into underlying aquifers is expected to be transient as salts are flushed through the system. Potential impacts on groundwater vary according to water table depth, salt inventory, relative mobility of salts in the unsaturated zone, postcultivation drainage/recharge rates, preexisting groundwater quality, and thickness of aquifer in which mixing occurs. There is a trade off between water table depth and aquifer vulnerability. Although increasing water table depths result in longer times for flushed salts to reach the aquifer, salt inventories generally increase with increased unsaturated zone thickness.
Groundwater in the Southern High Plains
[51] The Ogallala aquifer in the Southern High Plains has generally poor quality water in the south region (median values: TDS = 893 mg/L, chloride = 180 mg/L, sulfate = 70 mg/L, fluoride = 3.3 mg/L) and generally high quality in the north region (median values: TDS = 388 mg/L, chloride = 21 mg/L, sulfate = 33 mg/L, fluoride = 2.3 mg/L) (Figure 1 , red line separating N and S parts of Southern High Plains). The percentage of wells that exceed the EPA MCLs is much greater in the south (chloride = 37%; sulfate = 43%; fluoride = 37%) than in the north (chloride = 0.1%; sulfate = 0.4%; fluoride = 5%). A total of 85% of wells exceed the WHO recommended fluoride limit of 1.5 mg/L in both the north and south regions. Variations in water quality are related to water table depth (median, S = 25 m; N = 63 m) and aquifer saturated thickness (median S = 15 m; N = 21 m). The shallower water table depth in the south results in greater aquifer vulnerability to contamination from surface sources, and the reduced aquifer thickness in the south results in less water to dilute incoming contaminants.
[52] The impact of mobilizing salts by increasing recharge beneath cropland areas was evaluated using the modified Cook et al. [1993] model (auxiliary material) using parameters to approximate the Lyn06-01 chloride and sulfate profiles ( Table 4 ). The model indicates that groundwater chloride concentrations would increase from 180 to a peak of 330 mg/L after $100 years (Figure 10a) . A similar analysis was conducted for sulfate. Assuming all sulfate is completely mobilized, groundwater concentrations would increase from 220 to a peak of 700 mg/L after $100 years. Using the regional relationship between total dissolved solids (TDS) and chloride plus sulfate in groundwater from wells, groundwater TDS would increase from 900 to 1800 mg/L.
Groundwater in the Amargosa Desert
[53] Information on groundwater chemistry near the water table in the Amargosa Desert is limited. Irrigation wells for the cultivated fields currently have high-quality groundwater, but are screened tens of meters below the water table. An irrigation well first sampled in 1974 had virtually identical chemistry in 2001 and 2002 , indicating that irrigation return flow had not measurably perturbed the production zone of this aquifer (Table 2) . This is consistent with unsaturated zone profile data because potential impacts in the Amargosa Desert are small. An upper bound on groundwater salinity was estimated by mobilizing the entire unsaturated zone salt inventory (without pore water) into aquifer mixing zones ranging from 15 to 50 m on the basis of the screened intervals of irrigation wells. Chloride concentrations increase from 9 to 53 -155 mg/L and sulfate concentrations from 33 to 129-353 mg/L. The irrigation rates at this site (2.0 -2.7 m/a) are much higher than typical values in the Southern High Plains (0.3 -0.9 m/a) [McMahon et al., 2006] , and prevent irrigation supplied salts from accumulating in the soil zone, minimizing the potential for soil salinization. Given the high irrigation rates and high quality of groundwater used for irrigation, measurable impacts on groundwater quality will most likely take centuries.
Groundwater in the Murray Basin
[54] Groundwater quality varies regionally in the unconfined Murray Group aquifer of the Murray Basin . Groundwater is extremely saline in the Riverlands area near the Murray River in the north, with typical chloride concentrations of $7000 -13,000 mg/ L and sulfate concentrations of $600 -1400 mg/L (Table 4 ). Estimated precultivation unsaturated zone chloride concentrations in profiles in the Riverlands area range from $10,000 to 20,000 mg/L [Cook et al., 2004] . Although sulfate concentrations were not measured in natural unsaturated zone profiles in this region, sulfate concentrations are estimated to be $10% of chloride concentrations on the basis of data from the Kulkami site (Kul04). Mobilizing the salt inventory for this region to groundwater using the analytical approach of Leaney et al. [2003] (Table 4 ) would decrease the initial groundwater chloride values ($10,000 mg/L), starting after 100 years and dropping to about half ($5000 mg/L) after $500 years. Even these long-term concentrations are extremely high (Figure 10b ). Groundwater sulfate would increase from 900 to a peak of 1500 mg/L after $270 years, assuming sulfate moves with chloride ( Figure 10c ). Groundwater quality is higher in the Kulkami area . Mobilizing the salts measured in the Kul04 profile would increase chloride from 900 to a peak of 2700 mg/L after $270 years and sulfate from 180 to a peak of 800 mg/ L after $350 years. The highest groundwater quality is in the 10,000 km 2 area of paleogroundwater under the Big and Little Deserts. This area of fresher groundwater represents $40% of the groundwater in the mallee region of the Murray Basin and was recharged during a wetter period >20,000 years ago [Leaney et al., 2003] . Previous studies evaluated the impact of mobilizing salts into groundwater in this area [Leaney et al., 2003] . Unsaturated zone chloride concentrations under native vegetation are lower ($6000 mg/L) because of higher precipitation ($500 mm/a). Displacing unsaturated zone chloride (6000 mg/L) into groundwater in the Big Desert would increase groundwater chloride from 270 mg/L to a peak of 1300 mg/L after 290 years (Figure 10b ), and sulfate would continually increase from 60 to 600 mg/L over $500 years (Figure 10c ). The proportional effect of salt mobilization is much greater in the Big Desert than in the Riverlands area because groundwater chloride in the Big Desert is typically $3% of that at the Riverlands area, whereas chloride concentrations in soil water are high at both sites, differing by only 40%. Thus, the percentage increase in groundwater chloride due to land use change is much greater in the Big Desert than in the Riverlands area. Furthermore, although similar rates of deep drainage have been used when modeling salinization rates at each of the three sites in the Murray Basin, higher rainfall in the Big Desert ($500 mm/a) is likely to result in higher drainage rates and hence faster rates of groundwater salinization.
Future Work
[55] This reconnaissance examined inventories of two relatively important but undocumented solutes, sulfate and fluoride, in semiarid unsaturated zones relative to inventories of chloride. The study evaluated sources of these solutes, their mobilization due to land use changes, and their subsequent potential impacts on water quality of underlying aquifers. The study was limited to evaluation of water-extractable salt concentrations. While this approach has been used in the past, chemical modeling results suggest that fluoride concentrations reflect some degree of mineral dissolution during the water extraction process. Because even a small quantity of dissolution can make a large difference in solution chemistry, further evaluation of the relation of water-extractable solutes to pore water solutes is needed. Understanding mobilization can also be improved by batch and column experiments that examine solid phase structure and composition. Mineral surface characterization (before and after mobilization) would shed light on secondary mineralization versus sorption mechanisms of solute retention.
[56] Systematic collection of atmospheric deposition data that includes both wetfall and dryfall components is acutely needed. The U.S. NADP program is limited to wet deposition and could be expanded to include dry deposition. Information on atmospheric deposition in Australia is restricted to the 1974 -1975 data from Blackburn and McLeod [1983] and the more recent 2007 -2008 data. Long-term records of atmospheric deposition would provide more reliable estimates for assessing their effect on subsurface salt distribution. There are few data on natural rates of fluoride deposition beyond those presented in this study. In addition to information on current atmospheric deposition, proxy data on preindustrial atmospheric deposition are needed to assess long-term inputs to the subsurface.
[57] Unsaturated zone studies in semiarid regions have focused primarily on chloride as a proxy for water movement; however, such studies could be expanded to include other solutes in addition to sulfate and fluoride. Ionic and trace element ratios and isotopic signatures can all be used to help identify sources. Information on salt inventories as a function of climate, vegetation, and soil type can be used to assess controls on subsurface salt distribution and mobilization. Information on irrigated sites is restricted to the Amargosa Desert and High Plains regions [e.g., Stonestrom et al., 2003; McMahon et al., 2006] . Additional studies that include different irrigation techniques and variable irrigation water quality, including currently emerging highly efficient sprinkler and subsurface drip designs, are needed to evaluate future impacts of irrigation on soil water and groundwater quality. Data on salt distribution and mobilization relative to soil type and climate are required to evaluate hydraulic controls on solute transport. Finally, the current empirical and analytical approaches to evaluating impacts of salt mobilization on groundwater quality could be supplemented by conducting numerical flow and transport modeling in connection with stratified groundwater sampling to evaluate mixing zones.
Conclusions
[58] 1. Large inventories of chloride (6600 -41,000 kg/ ha) and sulfate (7800 -120,000 kg/ha) and much lower inventories of fluoride (630 -3900 kg/ha) are found in semiarid unsaturated zones beneath natural ecosystems at sites in the southwestern United States and in the Murray Basin, Australia.
[59] 2. The source of chloride is atmospheric deposition, which is almost an order of magnitude higher in the Murray Basin than in the southwestern United States. Much of the sulfate could also be derived from atmospheric deposition on the basis of high correlations between sulfate and chloride in many profiles and estimated deposition rates similar or less than current levels of sulfate in bulk precip-itation. Local zones of very high sulfate (47,000 mg/L) in the Southern High Plains are attributed to dissolution of gypsum, which was found in the sediments. Fluoride in atmospheric deposition is 3 to 7 times less than estimates from unsaturated zone profile inventories in the Amargosa Desert and Southern High Plains, suggesting that incoming fluoride from past climatic cycles has remained in the profiles during pluvial periods. In contrast, estimates of fluoride in precipitation in the Murray Basin are greater than those based on subsurface fluoride inventories; however, the profile data are limited.
[60] 3. Chloride is most readily mobilized by increased drainage caused by land use change from natural ecosystems to cropland ecosystems. Chloride is completely mobilized in profiles in the southwestern United States by increased drainage beneath rain-fed and irrigated agriculture. Incomplete displacement of chloride in the Murray Basin may be attributed to very high initial chloride concentrations and/or preferential flow.
[61] 4. Some sulfate moves with chloride as shown by coincident solute fronts and peaks beneath cropland; however, sulfate fronts lag chloride fronts in many profiles by up to 4 m. High residual sulfate in many profiles under rainfed or irrigated cropland is attributed to incomplete mobilization of precultivation sulfate related to retardation of sulfate and/or additional sources of sulfate besides atmospheric deposition, such as fertilizers or gypsum dissolution.
[62] 5. Fluoride is not mobilized by increased drainage beneath cropland areas, as shown by similarity in fluoride inventories beneath natural and cropland systems in each of the study regions. Fluoride appears to accumulate in the unsaturated zone across climatic cycles of pluvial and interpluvial periods.
[63] 6. Salt mobilization in the Southern High Plains could increase groundwater chloride from 180 to a peak of 330 mg/L and sulfate from 220 to a peak of 700 mg/L. Groundwater at the Amargosa Desert site would require centuries to degrade because of the high quality of the irrigation water and the large irrigation rates that result in minimal salt buildup in the soil. The impact of salt mobilization on groundwater quality in the Murray Basin varies mostly with the preexisting groundwater quality. Mobilizing salts into poor water quality in the Murray Riverlands area would decrease chloride concentrations from 10,000 to 5000 mg/L. In the Kulkami region, groundwater chloride would increase from 900 to 2700 mg/L and sulfate from 180 to 800 mg/L. The highest-quality water is in the Big and Little Deserts; however, the precultivation salt inventory is lower in this region also because of higher rainfall. Mobilizing salts in this area would increase chloride 270 to 1300 mg/L and sulfate from 60 to 600 mg/L. It will be most critical to minimize salt movement into these highquality aquifers in the future. reviewers. We thank the land owners for providing access to their properties for sampling and we are very grateful to groundwater conservation district managers Jason Coleman, Harvey Everhardt, Ken Carver, and Mike McGregor for their assistance in locating suitable sampling locations.
